The paper proposes a new theoretical model based on local thermodynamic equilibrium enabling the prediction of gas generation during the reaction of aluminum-based thermites. We demonstrate that the model has the capability to predict the total pressure and its partial pressure components as a function of the reaction extent and compaction. Al/CuO, Al/Bi2O3, Al/Sb2O3, Al/MoO3 and Al/WO3 thermites are modeled and their capability to generate pressure compared. Simulation results are also validatedthrough dedicated experiments and showgeneral agreement beyond the state of the art. Mechanisms underlying pressure generation are detailed. A two-stage process for the pressure increase in Al/CuO reaction,also observed experimentally,is shown to be driven by oxygen generation as produced byCuO and Cu2O vaporizationthrough different kinetics. Comparison with experiment stresses the issue of the understanding of the complex chemical processes taking place during vaporization and subsequent gas phase reactions and the need to determine their thermodynamicconstants.
Introduction
Alumino-thermite materials represent an interesting class of energetic substancesnotably because of their high energy densities, adiabatic flame temperature, and when nanosized, high reaction rates. Aluminothermite is an oxydo-reduction reaction involvinga metal (fuel) and a metallic oxide (or possibly a nonmetallic oxide) to form a stable product after reaction.
Thermites materials have been actively investigated for a wide range of potential applications including railroad welding, materials processing to form refractory materials, additives in propellants, explosives and pyrotechnics [1] [2] [3] and more recently also for micro initiation [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , environmentally clean primers, in situ welding [21] .
Among numerous possible exothermic metal/oxide couples listed in [22] , the most investigated ones mix Al with MoO 3 , CuO, Bi 2 O 3 , Fe 2 O 3 , MnO 2 , WO 3 , I 2 O 5 . For the last two decades most of the research efforts aimed at reducing metal and oxide components size, improving their intimacy, to increase the reaction rate and decrease the ignition delay while improving safety.
More recently, thermite materials were also considered to produce gas species or pressure bursts opening new potential fields of applications as pressure mediated molecular delivery [23, 24] , biological agent inactivation [25] [26] [27] , hydrogen production [28, 29] or propulsion systems [7] [8] [9] .
A few teams demonstrated experimentally that Al/Bi 2 O 3 and, to a lesser extent, Al/I 2 O 5 mixtures generate the highest pressure pulses [27, 30, 31] in comparison with other thermite couples. Martirosyan [31] considered that the reaction product (bismuth or iodine) boils at a temperature of 1560°C and 184°C, respectively, that is lower than the maximum reaction temperature, causing bismuth or iodine evaporation with subsequent increase of the released gas pressure. For some thermites as Al/CuO, experiments using time-resolved mass spectrometry have measured significant O 2 release, undergo rapid heating [32] [33] .The formation of gaseous intermediates and their contribution to the pressurization may suggest why a system such as Al/MoO 3 , which is thermodynamically predicted to produce approximately only the percent of the gas that Al/CuO or Al/Bi 2 O 3 does, can still react rapidly and exhibit pressures as the other thermites.
Despite these experimental research investigations, the effects of thermite composition, packing densitytogether with its environmental conditions on the gas production (type and repartition of produced species and rate of gas release) need to be studied and understood in greater details.On the theoretical side, a first attempt to simulate thermite pressure release was published by K. Martirosyanet al. [34] . They proposed to solve numerically the equations of gas dynamics.Apreliminary study by the authors showed systematic overestimation of the calculated generated pressures [35] . Our goal is to bring the simulation closer to the actual chemical processes that may occur during reaction including gas phase interactions, vaporization and condensation processes.
The aim of the present work is to propose a new generic model, based on thermodynamic considerations, able to predict the maximum reaction pressure, temperature and reaction end products (gas and solid formed species) as a function of the overall extent of reaction and packing density. This theoretical tool makes it possible to establishquantitatively a hierarchy of alumino-thermite couples in relation to applicative requirements, specifically concerning pressure and gas delivery.
The paper is organized as the following. Section 2 is dedicated to the model description.Simulation results are reported in section 3 starting with a case study on Al/CuO followed by a comparison with other materials, namely Al/MoO 3 , Al/Bi 2 O 3 , Al/WO 3 and Al/Sb 2 O 3 . For all of them, the maximum pressure, temperature and reaction products are given as a function of the extent of reaction and the percentageof Theoretical Maximum Density (TMD). In section4, theoretical results are compared with experimental data allowing the validation and discussion of the theoretical approach before concluding and giving some perspectives in section5.
Model description
For Al based thermites, the reaction can be written as:
(1) whereM a O b is the metal oxide corresponding to the metal M with valency 2b/a. Equation (1) is only a schematic representation of mechanisms occurring during thermite reaction. Indeed, in most practical cases, various intermediates and end products, such as oxides, sub-oxides and alloys, may be encountered during the reaction process. All possible phases are not well known and characterized experimentally. A theoretical approach would require a thorough investigation, using quantum chemical methods, of all possible intermediates and end products, including metastable phases and metallic aggregates. This is not the purpose of this paper where only the most documented compounds are considered.
A combustion process is basically an out of equilibrium process. But, an accurate kinetic model should necessarily include the various kinetic constants associated with various phase transitions that are not available today. On the other hand, the high temperatures reached during the reaction enhance the reactions towards the thermodynamic equilibrium. For this reason, and in the absence of available thermodynamic data on possible intermediates and end products, we will confine our model to the thermodynamic equilibrium. However, in order to get insight into the temporal evolution of the reaction process, we introduce the extent of reaction parameter ξ ranging from 0 to 1. The extent of reaction is not proportional to the time, since the reaction rates increase with the temperature. But, at least, the extent of reaction is a monotonically increasing function of time.
In our model, we consider stoichiometric mixture (no excess of Al) and assume that the thermodynamic equilibrium is temporarily reached for each value of the extent of reaction, although the global equilibrium is only reached at the end of the reaction. This is equivalent to the usual assumption of local thermodynamic equilibrium in the treatment of irreversible processes. The schematic reaction represented in Eq. (1) can now be reformulated as:
whereξrepresents the fraction of thermite converted, while the remaining 1 − ξ fraction is still in its initial form. At this stage, additional phases are introduced into equation (2), depending on the nature of the oxide, the actual temperature and the different vapor partial pressures in the reaction chamber.
These phases result from: -the melting and boiling of all species, -the decomposition of alloys and oxides, -the condensation in alloy or oxide forms.
All thermodynamicsconstants, including formation energies, concerning these phases are taken from the literatureand the main ones are reported in Tables1.a and 1.b. The free energies are preferred to enthalpies since all of the experiments to validate the model are performed in a constant volume pressurized chamber. In most cases, both the boiling points and the partial vapor pressures reported in the literature correspond to atmospheric pressures or less. In order to obtain boiling points at high pressures such as the ones reached in confined thermite reactions, we have extrapolated these values to higher pressures using the following expression:
where ( )is the partial pressure of the gas specie at the temperature and ΔU its vaporization energy. is the Boltzmann constant. Equation (3) can either be deduced from the kinetic theory of gases or by equating the chemical potentials of species in the gas phase and in the condensed phase. In equation (3), the entropic part of the free energy, resulting from the thermal motion of atoms and molecules, is contained in the pre-exponential factor and the internal energy appears in the exponent. Both theoretical approaches lead to the constant :
where is the molecular mass of the speciei. s i the area of its surface unit cell (in the condensed phase), and ℎis the Plank constant. However, in our model, we have considered the constants as adjustable parameters and have fitted them to experimental boiling points at atmospheric pressure. The vaporization energies ΔU correspond to the formation of elemental metallic atoms and O 2 molecules in the gas phase, except for MoO 3 which evaporates in its molecular form. The perfect gas law is adopted for all species in the gas phase.
The simulation procedure follows closely the experiments performed for the validation of the model. In these experiments, the reaction chamber is filled with a given amount of thermite, i.e. a given TMD percentage. We should notice that the chamber can never be completely filled such that the maximum experimental %TMD is 50%. For a given thermite Al/M a O b and %TMD, we first choose a value of the extent of reaction ξ and scan the temperature from ambient to 4000°C. The partial pressures of various species are then calculated at each temperature using equation (4) and the number of molecules determined from the perfect gas law. The composition of the condensed phase is then deduced by subtraction. We remind that, in these experiments, the volume of the condensed phase is not small compared to the total volume of the reaction chamber. It is therefore necessary to take it into account when applying the perfect gas law. The equation of conservation of energy is applied to determine the actual temperatures as a function of extent of reactionξ. The heat released by the reaction is equal to ξ. τ. Q , with τ being the %TMD and Q the specific heat of reaction (see Table 1 .a). This heat is used to increase the temperature of the system and to supply the latent heats required for the phase transitions. The overall heat quantity required to heat the system to the desired temperature can be formulated as:
Where 0 is the initial temperature, taken here as the ambient temperature (25°C). is the temperature dependent heat capacity of the whole system and ℎ the latent heat. The function ℎ is composed of a series of Dirac delta functions, at appropriate temperatures, for all phase transitions, except the vaporization considered as a continuous process, in relation with partial vapor pressures. The temperature dependent heat capacities, for all species, are taken from the literature [36] [37] [38] , and interpolated before integration. In the temperature ranges where the data are not available, particularly at high temperatures, we use 3
for each atom in the solid phase or MoO 3 molecule in the gas phase, for each metallic atom in the gas phase and each O 2 molecule, respectively. These expressions are taken from Einstein's law for solids at high temperatures, and from the kinetic theory of gases for monovalent and divalent molecules. The various heat capacities are finally added to find the total . Scanning the temperature range upwards, q( ) is an increasing function of the temperature. It reaches the heat released by the reaction at some value of , which is the actual temperature reached at a given extent of reaction. In this paper, all heat losses are neglected since they depend strongly on the size of the reaction chamber. In a previous paper [35] , we have evaluated the heat losses during the pressure rise, for all experiments used to validate the model, and have shown that they are always negligible with respect to the released heat of reaction. 
Al/CuO case study
Al/CuO is one of the most frequently used thermite in practical applications as well as among the most documented one. For this reason, we start by describing in detail the implementation of our model to the Al/CuO case, before presenting a more general overview of the results obtained for four other thermites. For Al/CuO, the schematic reaction expressed in equation (1) can be broken into nine reactions contained in the six following equations, and taken into account in our simulations.
In these equations, the subscripts (s), (l) and (g) stand for solid, liquid and gas phases respectively. Among these nine reactions, four are phase transitions between condensed phases, represented by direct reactions. A transition temperature is systematically assigned to each of them. The five remaining reactions are reversible (as indicated by the reverse arrows), with the presence of a gas phase. The driving force balancing the direct or reverse reaction is the partial vapor pressure in the gas phase.
As described in section 2, the equilibrium temperature is calculated for each value of ξ. The calculated temperatures are independent of TMD percentage since both the released reaction heat and the heat necessary to increase the temperature are proportional to %TMD. As a consequence, temperature splitting as a function of %TMD, may appear as a result of heat losses that are neglected at this point. The Al/CuOequilibrium temperatures as a function of ξ are reported in Fig. 1 . We observe that, for Al/CuO, the equilibrium temperature increases up to 3400°C with a slight plateau at 2072°C corresponding toAl 2 O 3 melting. Fig. 1 shows the maximum pressures for three different TMD percentages(10%, 30% and 50%). Themaximum pressure depends on the temperature, but also on the volume available for the expansion of the gas. Increasing the %TMD leads to a decrease of the free volume and an increase of the total pressure. For all three %TMD values, the pressure rise starts at ξ = 0.3, corresponding to a temperature around 1000°C (see Fig. 1 ), corresponding to the Al/CuO reaction onset. We can further observe that the pressure rise is not monotonic such that the maximum pressure is reached when the reaction is still incomplete. This result is against the general belief that the pressure drop is only a consequence of reaction stop and subsequent cooling of the system through heat losses. Moreover, for low compaction (%TMD=30), the pressure evolution shows clearly an oscillating behavior. This trend can also be observed for higher compaction rate, although the first maximum is less pronounced and rather replaced by a shoulder.
To explain this behavior, we have plotted in Fig. 2 , Al, Cu and O 2 partial pressures in the gas phase, together with the total pressure and the temperature, as a function of ξ and for a TMD percentage of 30%. Fig. 2 shows clearly that all partial pressures do not rise simultaneously. This results from the variety of their specific vapor pressures dependence against the temperature. Fig. 2 : Theoretical partial pressures together with the total pressure and the temperature, as a function of extent of reaction and for TMD percentage of 30%.
As observed in experiments [33] , wesee in Fig. 2 that the total pressure is mainly driven by the oxygen gas phase which shows a first pressure peak at ξ = 0.6 and a gentle pressure shoulder at ξ = 0.8, resulting from the decomposition of CuO and Cu 2 O, respectively. Aluminum and, to a much lesser extent, copper gas phases only impact the end of the reaction process. The Cu vapor comes from the evaporation of liquid Cu, while Al vapor comes from the decomposition of Al 2 O 3 . The latter process explains the increase of the total pressure observed from ξ = 0.9 to ξ = 1 (see Fig. 2 ). This results from the vaporization of Al 2 O 3 due to the high final temperature (3330°C) that is superior to the decomposition temperature of the alumina (2977°C). When the reaction is near completion, the total pressure behavior is almost entirely governed by the aluminum partial pressure. The oxygen partial pressure stabilizes due to compensation between vaporization of the liquid alumina providing oxygen molecules and oxidation reaction with aluminum. Similar pressure evolution tendency, i.e. a peak and a shoulder, has also been found experimentally (see Fig.  3 ). But, the positions of the peak and the shoulder are reversed. The reason is the relative intensities of the two oxygen peaks. Calculated oxygen partial pressure coming from the decomposition of CuO is too high because of its lower latent heat of vaporization (see Table 1 b.This first peak replaces therefore the experimental shoulder, but hides, in turn, the real experimental peak.
To summarize, for 10 %TMD, the pressure saturation is reached at the end of the reaction (ξ=1) giving rise to a pressure saturation plateau around18 MPa. For 30 and 50 %TMD, maximum pressures of 49 and 118 MPa are obtained at an extent of reactionξ =0.6. From these maximum pressure values, the pressure decreases up to ξ =0.9 where the high temperature reached by the system causes the alumina to decompose and in consequence, the pressure to increase again, up to a value of71 MPa.
3.2Applications to other thermites
In this sectionfour other thermitecouples among the most widely studied (Al/Sb 2 O 3 , Al/Bi 2 O 3 , Al/MoO 3 and Al/WO 3 ) areanalyzedand their capability to generate gases and pressure compared. As previously indicated, a number of phase transitions are considered for the species involved ineach thermite reaction as summarized in Table 2 . The general pressure curve shapes are similar for all thermites: a succession of peaks corresponding to the evaporation or decomposition onsets of various species, depending on the nature of the thermite and its associated chemistry. The origin of the peaks corresponds to the generation of gaseous species during thermite reaction,according tophase transitions ((l)(g) as well as (s)(g)) at equilibrium, as described in the section 2.
Considering Al/Bi 2 O 3 (see Fig. 5 .a), we observe first a decomposition of the bismuthoxide into molecular oxygen (O 2 ) and liquid bismuth occurring at ξ =0.6 and around 2041 °C. The Bi 2 O 3 decomposition produces a pressure peak ranging from 32 MPa to 280 MPa,depending on TMD percentage. Thispressure peak is followed by the evaporation of Bi at ξ = 0.8, which corresponds to the gentle pressure shoulder especially visible at 50 %TMD. For Al/MoO 3 (see Fig. 5 .b), we observe first the vaporization of condensed MoO 3 into molecular MoO 3(g) at ξ =0.5 leading to an important increase of the pressure: principal pressure peak of 221 MPa at 50% TMD. At the same time, the temperature rises rapidly leading to the decomposition of alumina (at ~2977°C) into Al (g) + O 2 occurring at ξ =0.8. At this temperature, Mo is still in a liquid phase. Moreover, only a small fraction of liquid alumina is decomposed at this stage. As a result, the final theoretical pressure is very low and only of0.5 MPa.This results from the low final temperature reached at complete reaction. One would expect a higher final temperature since Al/MoO 3 is more energetic than Al/Bi 2 O 3 where decomposition of alumina is observed. The lowering of the temperature in the case of Al/MoO 3 is due to the higher heat capacity of Mo compared to Bi making it absorbing more energy.
For Al/Sb 2 O 3 (see Fig. 5 c) , the decomposition of Sb 2 O 3 and the vaporization of Sb are respectively at 1425 °C and 1314°C (see Table 2 ). Not only the two peaks are very closeand collapse, but also Sb vaporization precedes Sb 2 O 3 decomposition such that almost all Sb produced should immediately evaporate. The result is that only one peak is clearly visible in Fig.  5 c.At the final stage of reaction, no alumina can be decomposed since the final temperature of 2411°C is well below alumina vaporization temperature. But, all Sb metal is vaporized leading to a pressure of 37MPa (at 50 %TMD).
For Al/WO 3 (see Fig. 5 d) , the phase transformation leading to pressure generation are the decomposition of WO 3 into WO 2 and O 2 at 1625°C and then into W (l) and O 2 at 1730°C(see Table 2 ). After this point, the pressure decreases and falls to0.06 MPa At the final temperature of 2870°C, neither W (l) nor Al 2 O 3(l) can be vaporized.
To conclude this section we can state that the best alumino-thermite material to generate pressure is not necessarily the most energetic thermite, here Al/CuO, but the one with the oxide whose metal evaporates easily and where temperature allows for alumina decomposition: here Al/Bi 2 O 3 . 
Experimental validationand discussion
Theoretical results were compared to experimental data in order to evaluate their validity. For that purpose, stoichiometric Al/oxide thermites were prepared by ultrasonic mixing. The maximum pressure generated by the exothermic reaction was measured for each couple.
Materials
The Al nanoparticles, with a diameter of 80 nm, are supplied by Novacentrix.They exhibited spherical shapes and the purity has been measured at 68 % leading to an alumina shell thickness of 4 nm. Bi 2 O 3 , CuO, MoO 3 , WO 3 and Sb 2 O 3 oxide nanopowders are supplied by SigmaAldrichwith characteristics summarized in Table 3 . First, Al and oxidizer nanopowders were weighted, suspended in hexane and then mixed with an ultrasonic rod style transducer for a total of 4.5 min with a 1 s delay after every 2 s of sonication to avoid heating the solution that could lead to undesired ignition of mixture. The mixture suspension was then dried at 70°C under 2.10 4 Pa and collected for pressure characterization.
Characterization set-up
The pressure released by the reaction was measured in a stainless steel, high pressure resistant (up to 100 MPa) cylindrical reactor. The reactor has 4 mm inner diameter and is 0.7 mm long (total volume of ~ 9 mm 3 ). A pressure up to 100 MPa can be measured by a highfrequency pressure transducer (Kistler 601H) on the back of the reactor and connected to a Kistler charge amplifier (5018 type). A schematic is shown in Fig. 6 . Densities were calculated based on the reactor volume and the mass of powder loaded inside. For each sample, 10, 30 and 50 %TMD were systematically investigated. For ignition, we used a multilayer nanothermite Al/CuO on a chip [16] . The best fit between modeling and simulation is obtained for Al/CuO with a model/experimental results agreement within a factor of 3, while in [35] , the pressures were overestimated by one order of magnitude. The main reason for this improvement is that the chemical processes occurring in Al/CuO combustion are well known and documented.
Discussion
Experimentally, the highest pressure is obtained at 50%TMD for Al/CuO followed by Al At 10 %TMD(see Fig. 7 ), our calculations show that Al/Sb 2 O 3 produces more pressure than Al/CuO. But, its low pressure increase with TMD leads to lower pressures for 30 and 50 %TMD, compared to Al/CuO. We observe the same trend experimentally: at 10 TMD percentage, the Al/Sb 2 O 3 experimental pressure reaches 4.4 MPa, very close even if still lower than Al/CuO thermite 5.1 MPa.Increasing the TMD percentage, the experimental pressure increases slowly to reach 15 MPa for Al/Sb 2 O 3 , well below Al/CuO pressure that stabilizes at 42 MPa.
The overestimation of pressure for Al/Bi 2 O 3 and Al/Sb 2 O 3 thermites is due to the easy evaporation of Bi and Sb atoms in the respective thermites. The assumption of the gas phase containing metals in atomic form, adopted in our model, is probably not accurate. The metal should aggregate thus decreasing the calculated pressures. In contrast to all other cases, the pressures calculated for Al/MoO 3 thermite are well below experimental ones: at 50 %TMD the calculation gives 0.5MPa instead of 12 MPa measured. As stated in section 3, the highest temperatures of Mo vaporization and alumina decomposition are not reached during combustion so that all the end products are found in condensed form, leaving a residual pressure of 0.5 MPa at the end of the reaction.
The discrepancy between experimental and theoretical pressures may be attributed to three effects: (1) the expected composition of the final gas phase, (2) the chemical processes in condensed phase and (3) the real kinetic effects. First, the complexity of the gas phase is difficult to grasp. In the present paper, we consider that vaporization processes lead only to the formation of gas phases constituted of individual metallic atoms or O 2 molecules, except for MoO 3 where the existence of molecular gas is well known. Obviously, this assumption that completely neglects the potential formation of metallic aggregates in the gas phase, and the associated condensation properties, will lead to an overestimation of pressures. For example, it is probable that Bi will preferentially form Bi 2 molecules. For what concerns Sb 2 O 3 decomposition, it is suggested that liquid Sb 2 O 3 will evaporateas Sb 4 O 6 molecules [39] . All these reactions are not sufficiently documented to allow a precise treatment in our modeling procedure.
Second, the chemical processes are not limited to the gas phase, but may also occur in the condensed phase. Apart from the trivial melting of solids, already taken into account in our present model, one can observe solid-to-solid phase transitions, stoichiometry variations, alloying in solid phase and mixing in liquid phase. An example is the formation of AlCu alloy during Al/CuO thermite combustion. AlCu alloy is actually found in combustion residues, but no more detail upon its formation is presently available. Given the range of temperatures scanned, such processes may happen very frequently. An accurate representation of these processes needs also a thorough study using quantum chemical calculations.
Our intention in the present paper is not to speculate on the chemistry of phase transitions, but rather to demonstrate the possibility of establishing a generic model predicting the maximal pressure and temperature for combustion of thermite depending on the available thermodynamic data. Further insights on the phase transitions chemistries, in condensed or gas phase can be unraveled and quantified properly from first principles quantum chemistry calculations.
Finally, the explicit time dependence of the reactions is a major source of discrepancies. The experimental rising times of the pressure in the combustion chamber are always less than 1 ms. The approximation of local thermodynamic equilibrium, leading to the concept of extent of reaction, is only a rough approximation. A kinetic approach, substituting the real time variable to the extent of reaction, is under development. This approach would enable us to consider transient metastable species, which may appear, more or less briefly, in the combustion chamber. These species may not of long lifetimes, but will have a significant importance on the pressure evolution. For example, aggregates of various sizes shall momentarily decrease the pressure, and disappear rapidly, forming new species. If the thermodynamic of these aggregates is well documented, through quantum calculations or experiments, they can be easily incorporated in our kinetic approach.
Conclusion
A local thermodynamics equilibrium model describing the pressure generation through reaction of various aluminum-based thermites is established in this paper. The model includes the determination of partial pressures as a function of condensation temperatures. It allows determining the partial pressures of gas phase reactants as well as the total pressure reached during and up to the complete reaction process (i.e. as a function of the extent of reaction). It also makes it possible to study the pressure delivered as a function of the compaction rate (%TMD). We applied our model to some commonly used thermite compositions, namely Al/CuO, Al/MoO 3 , Al/WO 3 , Al/Bi 2 O 3 and Al/Sb 2 O 3 . We observe that the highest final pressure is obtained for Al/CuO and Al/Bi 2 O 3 couples, mainly due to the partial decomposition of liquid alumina since the heat of reaction permits to reach high final reaction temperature, 3330°C and 3327 °C for Al/CuO and Al/Bi 2 O 3 , respectively. Simulations are compared to experiment for validation purpose. The final pressures predicted by the model are in fair agreement with experimental values. However, details on the mechanisms of gas generation are obtained such as the two-stage growth regime of the total pressure generated during reaction of Al/CuO, which has been observed experimentally. We should emphasize that all the parameters in the model are taken from thermodynamic data in the literature. No adjustable parameter, to be fitted to validation experiments, is used in the model. In order to improve our model quantitatively, without introducing adjustable parameters, future work is required, specifically by investigating the chemistry of the reactants in both the condensed and gas phases.
